Abstract In the paper, the fabrication method and characteristics of porous coatings on Ti-Nb-Zr-Sn alloy biomaterial obtained by plasma electrolytic oxidation (PEO) are presented. The PEO process was performed at two voltages of 180 ± 10 and 450 ± 10 V, respectively, during 3 min of treatment in the electrolyte based on orthophosphoric acid with copper II nitrate of initial temperature of 20 ± 2°C. Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS), glow discharge optical emission spectroscopy (GDOES), Xray photoelectron spectroscopy (XPS) and 2D roughness measurements were performed on the samples. The study results indicate an enrichment of the porous layer (18 and 21 μm thick, for 180 and 450 V, respectively)
Introduction
Plasma electrolytic oxidation (PEO), known also as micro arc oxidation (MAO) or spark anodisation (SA) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , is very often used for formation of microcoatings (about 10 μm thick) on metals (titanium, niobium, zirconium, tantalum) [1] [2] [3] [4] [5] and their alloys [5] [6] [7] [8] [9] [10] , with nano-and micro-pores. Other much thinner nano-layers (about 5-10 nm) can be obtained by electropolishing (EP) [11] [12] [13] [14] [15] , magnetoelectropolishing ( M E P ) [ 1 6 -2 3 ] a n d a h i g h -c u r r e n t d e n s i t y electropolishing (HDEP) [24, 25] , which may be used for surface preparation of biomaterials for PEO oxidation. All mentioned electrochemical treatments are widely used in the biomedical industry, to make the metallic materials surface more biocompatible [26] , inter alia because of their better corrosion resistance [27] and compatible with human tissue chemical compositions [28] [29] [30] [31] [32] .
The results in the present paper are a continuation of our work presented in [10] , in which porous and biocompatible coatings obtained on Ti6Al4V alloy biomaterial, enriched in bactericidal copper [33] [34] [35] [36] [37] [38] and depleted in vanadium and aluminium ions, were described. In this article, the authors present the PEO coatings obtained on another very popular alloy, i.e. titanium-niobium-zirconium-tin, which is often advised for use as biomaterial. The elements titanium, niobium and zirconium are totally biocompatible, but tin can be toxic for human tissue [39] .
The data displayed in this paper were obtained by different research methods, such as scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) complemented by glow discharge optical electron spectroscopy (GDOES) and X-ray photoelectron spectroscopy (XPS). Besides, two-dimensional profiles of the coatings formed on the Ti-Nb-Zr-Sn alloy after 3-min PEO treatment at voltages of 180 and 450 V are also presented.
Method 2.1 Material
Titanium-niobium-zirconium-tin alloy samples mechanically polished with SiC abrasive paper of 120 grit size were used as input material for the PEO treatment. The samples were prepared in the form of rectangular specimens of dimensions 10 × 35-mm cut-off from an alloy sheet 1 mm thick. In Figs. 1, 2 and 3, the SEM images of samples after mechanical polishing with different magnifications, i.e. ×500, ×6000 and ×25,000, are presented. In the pictures, the characteristic marks of abrasive treatment are visible. In Fig. 4 , the EDS spectrum of the mechanically treated surface and the chemical composition are shown. On the basis of the obtained EDS results, it can be concluded that the measured chemical composition differs from the assumed (Ti24Nb-4Zr-8Sn) alloy. The measured alloy composition has a lower amount of niobium (11.6 wt%|6.7 at%), zirconium (1.7 wt%|1 at%) and a slightly higher amount of tin (8.6 wt%|3.9 at%).
Set-up and parameters
The PEO was performed at voltages of 180 ± 10 and 450 ± 10 V, respectively, during 3 min of treatment. For the studies, we decided to take two voltages which allow to obtain stable plasma at lower voltage (180 V) and at maximum available voltage, i.e. 450 V. Time of the treatment was taken as 3 min, because of the previously evaluated coating porosity [40, 41] . Based on the earlier exploratory research on titanium, authors decided that the PEO treatment for 3 min affords obtaining a repeatable porous coating.
The studies were carried out in the electrolyte of initial temperature of 20 ± 2°C. For the studies, an electrolyte composed of concentrated (85 %) orthophosphoric acid (1 L), with an addition of and 600 g of copper II nitrate, was used. For each run, an electrolytic cell made of glass was used, containing up to 500 mL of the electrolyte.
SEM and EDS studies
The scanning electron microscope Quanta 250 FEI with low vacuum and ESEM mode and a field emission cathode, as well as the energy-dispersive EDX system in a Noran System Six with nitrogen-free silicon drift detector, was employed. The magnifications of 500 and 6000 times for SEM surface images were used. The EDS analyses were performed from the whole frame at magnification of 6000 times. The separation of phosphorus (P_K 2.013 eV) and zirconium (Zr_L 2.042 eV), especially with very close niobium signal (Nb_L 2.166 eV) in EDS measurement, is not possible without significant errors. Obviously, the software may separate the phosphorus and zirconium signals based on algorithms, but in the authors' opinion, it is not the ideal solution and
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XPS studies
The X-ray photoelectron spectroscopy (XPS) measurements on Ti-Nb-Zr-Sn alloy samples' surfaces were performed by means of SCIENCE SES 2002 instrument using a monochromatic (Gammadata-Scienta) Al K(alpha) (hν = 1486.6 eV) X-ray source (18.7 mA, 13.02 kV). Scan analyses were carried out with an analysis area of 1 × 3 mm and a pass energy of 500 eV with the energy step 0.2 eV and step time 200 ms. The binding energy of the spectrometer has been calibrated by the position of the Fermi level on a clean metallic sample. The power supplies were stable and of high accuracy. The experiments were carried out in an ultra-highvacuum system with a base pressure of about 6 · 10 −8 Pa. The XPS spectra were recorded in normal emission. For the XPS analyses, the CasaXPS 2.3.14 software (Shirley background type) [42] , with the help of XPS tables [43] [44] [45] [46] , was used. All the binding energy values presented in this paper were charge corrected to C 1s at 284.8 eV.
GDOES studies
The glow discharge optical emission spectroscopy (GDOES) measurements on PEO-oxidized 
2D roughness measurements
A computerized HOMMEL TESTER T800 system of Hommelwerke GmbH study of surface roughness measurement and GDOES crater depth was used. It was equipped with sliding measuring head Waveline 60 Basic/51808 and the sensor TKL100/17 MO435005. Measuring needle beam was equal to 3.5 μm with its angle of 87°. The tracing, evaluation and single measuring lengths equal to 4.8, 4.0 and 0.8 mm, respectively. Due to the porous surface, the non-contact methods for surface roughness [47] were not possible to be used, inter alia because of the uncertainties in measurement results [48] . According to the EN ISO 4287:1999 [49] and DIN 4768 [50] standards, the following roughness parameters have been measured: arithmetic mean of the sum of roughness profile values (Ra), mean peak-tovalley height (Rz DIN ), ten-point height (Rz ISO ), root- mean-square deviation of the roughness profile (Rq), total height of the roughness profile (Rt), mean width of the roughness profile elements (RSm), the ratio of the developed profile length to the evaluation length (L 0 ) and profile peak density (D).
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Results and discussion
In Figs. 5, 6 and 7, the SEM pictures of coating formed on Ti-Nb-Zr-Sn alloy surface after PEO treatment at voltage of 180 V in 3.2 mol/L of Cu(NO 3 ) 2 in H 3 PO 4 electrolyte with different magnifications, i.e. ×500, ×6000 and ×25,000, are presented. The obtained surface is porous and composed mainly of phosphorus and zirconium (14.8 at%), titanium (11.5 at%) and oxygen (71.2 at%) within lower amounts of copper (1.3 at%), niobium (0.7 at%) and tin (0.5 at%), as displayed in Fig. 8 . The pores are mostly opened with noticeable cracks in the PEO coating surface that are best visible under the highest magnification, i.e. ×25,000 (Fig. 7) . In Figs. 9, 10 and 11, the SEM images of coating formed on Ti-Nb-Zr-Sn alloy surface after PEO treatment at voltage of 450 V in 3.2 mol/L of Cu(NO 3 ) 2 in H 3 PO 4 electrolyte with different magnifications, i.e. ×500, ×6000 and ×25,000, are given. The obtained surface is porous and composed mainly of phosphorus and zirconium (13.1 at%), titanium (9.5 at%) and oxygen (75.4 at%) within lower amounts of copper (1.1 at%), niobium (0.6 at%) and tin (0.3 at%), as presented in Fig. 12 . In Fig. 11 , with the magnification equalling ×25,000, some smaller pores inside the bigger ones are visible.
The data presented in Figs. 8 and 12 display the differences between the coatings formed during PEO process on Ti-Nb-Zr-Sn alloy surface in concentrated phosphoric acid within copper nitrate using the two different voltages, i.e. 180 and 450 V, respectively. One may easily notice that after PEO treatment at 450 V, the PEO coating contains a higher amount of oxygen, but lower amounts of titanium, copper, niobium, phosphorus|zirconium and tin. In case of the coating obtained after the PEO treatment at 180 V, higher amounts of titanium, copper and tin were recorded inside it. Concerning the biocompatibility aspects, all the obtained surfaces' chemical compositions are correct, and what is most important, the two obtained surfaces are porous. At this step of the study, the question of the uniform distribution of copper in the whole coating volume should be answered to determine at which PEO voltage a thicker coating is created. To answer these questions, the GDOES study was carried out, with the results presented in consecutive Figs. 13, 14, 15, 16, 17, 18, 19, 20 and 21. In Fig. 13 , two copper signals (325 nm) coming from PEO coatings obtained during the oxidation at 180 and 450 V are presented. It should be noted that after the PEO treatment at 450 V, the copper amount in the whole PEO coating volume is higher than that obtained after oxidation at 180 V. It is also noted that the PEO coating thickness obtained at 450 V is thicker than the one formed at 180 V. On the other hand, however, the PEO oxidation at 180 V features a local copper maximum, which is not so well visible on the sample treated at 450 V. In Figs. 14, 15 and 16, the GDOES spectra of phosphorus (178 nm), oxygen (130 nm) and nitrogen (149 nm) and hydrogen (122 nm), respectively, are shown. The amount of these chemical elements for both PEO treatments is quite similar. However, as it was already observed in all spectra of samples obtained under higher voltage, i.e. 450 V, the formation of a thicker PEO coating compared to the one created at 180 V was noted. Additionally, in copper, phosphorus, nitrogen and hydrogen profiles, there are clear visible maxima. Such results may suggest that the PEO coating contains a minimum of three sub-layers, i.e. outer (porous), medium (semi-porous) and transition (between coating and matrix). The analyses of titanium (365 nm), niobium (316 nm), zirconium (360 nm) and tin (190 nm) signals (Figs. 18, 19, 20 and 21) confirm the above-stated reasoning regarding the thicker coating obtained at a higher voltage (450 V) and the existence of the transition layer in there. It should be noted that the outer and porous sub-layer is enriched mainly with phosphorus, oxygen, nitrogen and hydrogen, which can suggest that a part of coating is also organically contaminated. The next semi- porous sub-layer is the thickest one and composed mainly of phosphorus and oxygen as well as copper, nitrogen and hydrogen. The third sub-layer from the top surface, i.e. transition layer, is the most interesting, because it shows a different chemical composition. The copper, phosphorus, nitrogen and hydrogen maxima may suggest that in the structure of this sub-layer, there are molecules of both phosphoric acid and copper nitrate present.
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In Fig. 22 , an example of GD resulting-crater made on a coating formed on Ti-Nb-Zr-Sn alloy surface after 3 min of PEO treatment at voltage of 450 V in electrolyte containing of H 3 PO 4 within Cu(NO 3 ) 2 is shown and used to estimate the correlation between the sputtering time during the GDOES process and the depth, assuming that the erosion rate does not change much in the coating. On the basis of the obtained data, it can be said that a sputtering time of 100 s corresponds to a thickness of about 3 μm. Therefore, it follows that the PEO coating obtained at 180 V is composed of 3-μm outer porous sub-layer, 9-μm semi-porous layer and 6-μm transition layer. In case of coating formed at 450 V, the thickness of outer porous sub-layer is also about 3 μm, the semi-porous sub-layer thickness equals 12 μm, and the transition sub-layer is about 6 μm thick.
In Fig. 23 , it is shown the example of twodimensional profiles of the coatings formed on Ti-NbZr-Sn alloy after 3-min PEO treatment at voltages of 180 and 450 V in electrolyte composed of H 3 PO 4 within Cu(NO 3 ) 2 . In Tables 1 and 2 as well as in Fig. 24 , the roughness parameters of PEO coating formed on TiNb-Zr-Sn alloy at 180 and 450 V, respectively, are presented. Based on these results, it should be concluded that the surface roughness after PEO treatment at 180 V is lower than that after the oxidation at 450 V. It can provide also some information about the porosity of the obtained PEO coatings; i.e. the higher the roughness parameter is, the bigger pores are observed, what is confirmed by SEM and roughness studies. In case of significance tests, the null hypothesis H 0 must be formulated; i.e. it is assumed that the means of studied populations of roughness parameters are equal for surfaces obtained at two voltages, i.e. 180 and 450 V. On the basis of the obtained roughness parameters, the probability "p" for all parameters was found. The lower the probability "p" from the level of significance (α), the hypothesis of equality of expected values must be rejected.
That way, all the proposed 2D roughness parameters such as the following: Ra (p = 1. all of them can be used for these surface evaluations. However, the best roughness parameters for surface characterisation are Ra, Rz, Rz ISO , Rq and L, what is confirmed by presented above the probability "p" and box and whisker plots in Fig. 24 .
In Fig. 25 , the XPS survey results of coating formed on Ti-Nb-Zr-Sn alloy after 3 min of PEO treatment at voltages 180 and of 450 V in electrolyte containing of H 3 PO 4 within Cu(NO 3 ) 2 are presented. With that spectroscopic method, it is possible to detect the chemical elements from a depth of about 10 nm to find the oxidation stages of chemical elements constituting the PEO coating. Additionally, with that spectroscopic method, it is possible to separate the phosphorus and zirconium signals. On the basis of presented in Fig. 25 spectra, it was possible to conclude that in the first 10 nm of outer porous sub-layer, carbon-nitrogenoxygen contaminations and the elements coming from the PEO coating, such as phosphorus and titanium, were recorded. In order to find the oxidation stages of chemical elements, high-resolution XPS measurements were performed and the results are presented in Figs. 26 and 27 and after quantitative analyses in Tables 3, 4 , and zirconium Zr 4+ [43] [44] [45] [46] . Tin present as a component of the alloy studied was not detected by XPS method in the outer 10 nm of PEO coatings.
On the basis of XPS results, which are presented in Tables 3 and 4 , it may be concluded that in 10 nm of porous outer sub-layer, more phosphorus, oxygen, nitrogen, titanium and niobium after PEO treatment at 180 and 450 V were found. The amounts of copper and zirconium are very similar or the same, respectively. As it was recorded, the outer 10-nm sub-layer of the porous coating contains no tin inside. Because carbon as well as a part of the oxygen and nitrogen can be treated as organic contaminations, the authors propose finding the composition of obtained PEO coating only with matrix elements (titanium, niobium, zirconium, tin) as well as electrolyte elements (copper and phosphorus), what is shown in Tables 5  and 6 . The highest differences are noted for phosphorus (3.9 at%) as well as for titanium (1.9 at%) and niobium (1 at%). In that outer and porous sub-layer, the same amount of zirconium and lack of tin were recorded.
The authors in the paper propose to use some ratios (1-2) to describe the obtained surfaces and allow to compare these XPS results with other ones from different researchers. The phosphorus to copper ratio (1) is very important, because these chemical elements do not come from the matrix, but only from the electrolyte used. In our results, the P/Cu ratio is higher for PEO treatment at 180 V (41.45) than that obtained after oxidation at 450 V (34.35) . It can also be stated that in the coating obtained after PEO at 180 and 450 V, the phosphorus amounts are over 40 times or 30 times higher than the copper amounts, respectively:
The second P/(Ti + Nb + Zr + Sn) ratio (2) describes the proportion of alloy elements in outer, phosphate, porous sub-layers. The result presented in this paper is that ratio is higher for PEO treatment at 180 V (5.49) than that obtained after oxidation at 450 V (4.39). It can be concluded that in the coating obtained after PEO at 180 and 450 V, the phosphorus amounts are over five times or four times higher than the sum of titanium, niobium, zirconium and tin amounts, respectively: 
Based on (1) and (2) coefficients, it is possible to propose a model describing the composition of porous sub-layers, which have to be biocompatible and bactericidal, by the following mathematical relation:
By assuming that phosphorus amount is known, the amounts of copper as well as the sum of alloy elements (titanium, niobium, zirconium, tin) in PEO layers formed at 180 and 450 V may be determined by using the (3) mathematical relation.
In Fig. 28 , the models of the coatings formed on TiNb-Zr-Sn alloy after 3 min of PEO treatment at voltages of 180 and 450 V in electrolyte containing of H 3 PO 4 within Cu(NO 3 ) 2 are presented. As it was mentioned, most likely, the coating can be divided into three sublayers. The outer ones, porous, as obtained under both PEO treatments, i.e. at 180 and 450 V, containing compounds within Ti 4+ , Nb 5+ , Zr 4+ , Cu + , Cu 2+ , PO x and NO x ions, have thicknesses equal to 3 μm. The second sub-layers, which are semi-porous, have thicknesses of 9 and 12 μm for the PEO voltages of 180 and 450 V, respectively. The third sub-layers, which are named transition layers, have the same thickness independent on the voltage applied, 180 or 450 V, equalling to 6 μm. Most likely the inner, transition sub-layers are formed at the beginning of PEO process; such created layers possess the same or very similar both their chemical composition and thickness. Most interesting is that inside these sub-layers, it is possible to detect a peak of copper, nitrogen, phosphorus and hydrogen, respectively. Such a finding may lead to the conclusion, with a high probability, that inside the PEO coating structure, there are also the molecules of phosphoric acid and copper nitrate. This phenomenon may be explained by formation of semi-porous sub-layers which can "close" some acid and/or salt molecules in the first seconds of that process (non-stable electrical condition, i.e. sharp peak of current during switch on of the voltage). During the next time of plasma oxidation, the semi-porous sub-layers are formed and their thickness can be correlated with the PEO process voltage: the higher is voltage, the quicker is coating formed. That way, after the PEO oxidation at 450 V, the thickness of that sub-layer is over 33 % higher than that obtained at 180 V. The outer porous sub-layer is formed at the end of the PEO treatment, most probably in the last seconds, during the switch off of the potential. That way also, the pores of these sub-layers have different shapes.
Conclusions
The following conclusions may be formulated after the PEO treatment of Ti-Nb-Zr-Sn alloy studied:
1. Porous coatings on titanium-niobium-zirconium-tin alloy surface, enriched in copper distributed in the whole volume, were obtained. 2. The PEO potential has an impact on the thickness of the coatings: the higher the potential used, the thicker coating was obtained. , respectively. 4. The coating is composed mostly of phosphorus and oxygen formed as phosphates of titanium and/or niobium and/or zirconium within copper ions. 5. The roughness of PEO coating formed at 450 V is higher than that obtained at 180 V, and it is well correlated with bigger pores after the PEO treatment. 6. Three sub-layers, i.e. outer (porous), inner (semiporous) and transition (adjacent to the matrix), may be separated in the PEO coating formed on Ti-Nb-Zr-Sn alloy. 7. The thickness of the outer porous sub-layer obtained after PEO oxidation at both 180 and 450 V equals to about 2.5 μm. 8. The semi-porous sub-layer is thicker after PEO processing at 450 V (12 μm) than that obtained at 180 V (9 μm). 9. The transition sub-layer thickness obtained at both PEO voltages, 180 and 450 V, is equal to about 6 μm. 10. It is most likely that the transition sub-layer, adjacent to the matrix, is formed at the very beginning of PEO treatment (switch on of the PEO potential); the second, semiporous sub-layer, is formed during the stable voltage conditions of PEO treatment; the outer porous sublayer is formed at the end of PEO treatment (switch off of the PEO potential).
